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Background:  Behavioral  addictions  like  pathological  gambling  share  many  clinical  characteristics  with
substance  dependence.  In  addition,  both  types  of  disorders  are associated  with  impairments  in  inhibitory
control.  Studies  in patients  with  substance  use disorders  point  to  hyporesponsiveness  of the  dorsomedial
prefrontal  cortex.  However,  no  such  data  exist  on behavioral  addictions.
Methods:  Using  functional  magnetic  resonance  imaging,  we  investigated  the neural  circuitry  associated
with  impaired  response  inhibition  in  a group  of  male  problem  gamblers  (n =  17) using a stop  signal  task.
We  included  control  conditions  tailored  to speciﬁcally  isolate  neural  correlates  of inhibitory  control.  To
investigate  the speciﬁcity  of  effects,  a group  of  heavy  smokers  (n =  18)  and  a group of healthy  controls
(n  =  17) were  also  included.
Results:  Groups  did  not  differ  in  behavioral  performance  on  the stop  signal  task.  However,  both  problemicotine dependence
athological gambling
top signal task
gamblers  and  heavy  smokers  showed  hyporesponsiveness  of  the dorsomedial  prefrontal  cortex  compared
to healthy  controls,  during  successful  as  well  as failed  response  inhibition.  These  effects  were robust
against  adjustments  for depression  and  adult  attention  deﬁcit  scores.
Conclusions:  These  ﬁndings  suggest  that  hypoactivation  of  the  inhibition  circuit  is  a shared  neural  mech-
anism  in substance  use  disorders  and  behavioral  addictions.  As such,  they  support  the reclassiﬁcation  of
 a behpathological  gambling  as
. Introduction
Addictive disorders are a substantial public health concern. They
re characterized by a loss of control and maladaptive behaviors
espite adverse consequences. Recent conceptualizations of sub-
tance dependence propose that disruption of the limbic reward
ircuitry (Koob and Le Moal, 2001) and cortical networks involved
n inhibitory control (Feil et al., 2010) play a crucial role in the course
f substance dependence. Accordingly, substance dependence has
een described as a syndrome of impaired response inhibition and
alience attribution (Goldstein and Volkow, 2002). Pathological
ambling (PG) shares many clinical characteristics with substance
se disorders and is responsive to similar psychosocial and pharma-
ological interventions. Hence, PG is often considered a behavioral
ddiction (Petry, 2006; Potenza, 2006; Tamminga and Nestler,
006).
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Both its resemblance to substance use disorders and its current
classiﬁcation as an impulse control disorder suggest impairment of
inhibitory control in PG. In neurocognitive experiments, impaired
inhibition is often observed in substance use disorders (for a review,
see Verdejo-Garcia et al., 2008) as well as in PG (Fuentes et al.,
2006; Goudriaan et al., 2006; Kertzman et al., 2008; Rodriguez-
Jimenez et al., 2006, but see Lawrence et al., 2009) and other types of
behavioral addictions, such as pathological grooming (Chamberlain
et al., 2006; Odlaug et al., 2010). These studies thus lend support
to the notion that this impairment characterizes both substance
dependence and addictive behaviors.
Regarding the neural correlates of inhibition, neuroimaging
studies in healthy subjects report a right-hemisphere dominance in
activation during successful response inhibition, in particular in the
right inferior frontal gyrus (e.g., Aron et al., 2004; Forstmann et al.,
2008, but see also Hampshire et al., 2010). During failed response
inhibition (i.e., trials in which a motor response is erroneously
generated), midline frontal structures are usually activated, in
particular dorsomedial prefrontal cortex (dmPFC) encompass-
Open access under the Elsevier OA license.ing pre-supplementary motor area (pre-SMA), Brodmann area
(BA) 8 and dorsal anterior cingulate cortex (ACC: Brodmann
areas 24 and 32, e.g., Ridderinkhof et al., 2004; Modirrousta and
Fellows, 2008). Consequently, right inferior frontal gyrus has been
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roposed to be critical for response inhibition, whereas dmPFC has
een linked to response monitoring, in particular conﬂict and error
onitoring.
Several studies have investigated the neural correlates of
esponse inhibition in patients with substance abuse disorders
ompared to healthy controls. Kaufman and coworkers found
igher error rates and hypoactivation (relatively decreased activa-
ion compared to healthy controls) in ACC and right insula during
uccessful inhibition, and hypoactivation of ACC, pre-SMA and
eft insula/left inferior frontal gyrus region during failed inhibi-
ion in chronic cocaine abusers (Kaufman et al., 2003). In a similar
opulation, higher error rates and hypoactivation of ACC and pre-
MA were found during successful inhibition (Hester and Garavan,
004). Opiate dependents showed widespread hypoactivation dur-
ng successful inhibition in frontal midline structures, in particular
ilateral medial prefrontal gyrus and ACC, and bilateral inferior
rontal gyrus (Fu et al., 2008), whereas Forman et al. (2004) found
igher error rates and hypoactivation in ACC during failed inhi-
ition in a similar population. A recent study found that chronic
annabis users reported a diminished capacity for monitoring their
ehavior, but no performance or activation differences relative to
ealthy controls were found (Hester et al., 2009). A study investi-
ating cocaine dependent males reported hypoactivation in ACC in
he absence of performance differences (Li et al., 2008). Finally, a
tudy by Li et al. (2009) in alcohol dependent patients did not ﬁnd
erformance differences in inhibitory control but reported a num-
er of activation differences for more complex analyses that are not
irectly relevant for the present study.
All these studies included healthy controls, and together they
eveal a fairly consistent pattern of results pointing to a hypore-
ponsiveness of frontal midline structures during both successful
nd failed response inhibition in patients with a substance use
isorder, presumably reﬂecting impaired response inhibition and
iminished error monitoring. Until now, neural correlates of
nhibitory control have not been studied in problem gamblers (PRG)
nd also not in heavy smokers (HSM). Similar abnormalities in
RG and HSM would point to a common deﬁcit in inhibitory con-
rol across behavioral and chemical addictions and such ﬁndings
ould pave the road for the use of interventions that target the
eurocircuitry associated with impaired behavioral control. HSM
re particularly suited as a comparison group for PRG, because
he neurotoxic effects of nicotine are limited compared to those of
ther drugs of abuse, such as alcohol (Mudo et al., 2007; Sullivan,
003).
In the present study, we therefore aimed to investigate whether
reatment seeking PRG and HSM would show a similar pattern of
eural dysfunction during response inhibition compared to a non-
moking and non-gambling healthy control group. This would lend
upport to the hypothesis that a shared neural mechanism under-
ies impaired inhibitory control in both behavioral addictions and
ubstance dependence.
We acquired functional Magnetic Resonance Imaging (fMRI)
cans in a stop signal task, which represents a more active form
f response inhibition than is measured in the more often applied
o–nogo task (Ramautar et al., 2006; Aron and Poldrack, 2006). Also,
t allows the computation of the stop signal reaction time (SSRT),
he non-observable, internal reaction time to the stop signal (Logan
nd Cowan, 1984), with higher SSRTs indicating poorer inhibitory
ontrol. In contrast to previous studies using the stop signal task, we
sed control conditions to speciﬁcally isolate successful and failed
nhibitions, enabling a more speciﬁc delineation of brain regions
nvolved in response inhibition and error processing, respectively
Heslenfeld and Oosterlaan, 2003). Based on previous ﬁndings, we
xpected that both HSM and PRG would be characterized by higher
SRTs and hyporesponsiveness of dmPFC, during successful as well
s failed inhibition. Dependence 121 (2012) 81– 89
2. Materials and methods
2.1. Subjects
Nineteen treatment-seeking PRG, 19 HSM and 19 healthy controls (all males)
participated in the present study. Data from this group are also published in de
Ruiter et al. (2009) and Goudriaan et al. (2010). The ethical review board of the
Academic Medical Center approved the study and written informed consent was
obtained. The study was carried out in accordance with the Declaration of Helsinki.
For  two PRG, one HSM and two healthy controls fMRI data could not be (completely)
acquired due to scanner failure. Therefore, data from 17 PRG (four left-handed), 18
HSM (three left-handed) and 17 healthy controls (one left-handed) were used for
analyses. PRG were recruited from two Dutch addiction treatment centers. HSM
and  healthy controls were recruited through advertisements in local newspapers.
The  main inclusion criterion for PRG was  current treatment for gambling problems.
They were interviewed with section T of the Diagnostic Interview Schedule (Robins
et  al., 1998), to assess the diagnostic criteria for a DSM-IV-TR diagnosis of PG.  The
South Oaks Gambling Screen (SOGS, Lesieur and Blume, 1987) was  administered as
a  measure of problem gambling severity (Strong et al., 2003). HSM were included
only if they smoked at least 15 cigarettes per day (according to self-report). The
Fagerström interview (Heatherton et al., 1991) served as a measure of nicotine
dependence severity on a scale of 0–10. Healthy controls were all non-smokers
and  were not allowed to engage in a gambling activity more than twice a year.
Attention deﬁcit/hyperactivity disorder (ADHD) was  assessed with Conners’ Adult
ADHD Rating Scales (CAARS, Conners and Sparrow, 1999). Severity of depressive
symptoms was assessed with the Beck Depression Inventory (BDI, Beck et al., 1996).
Exclusion criteria for all groups were: lifetime diagnosis of schizophrenia and psy-
chotic episodes (section G of the Composite International Diagnostic Interview (CIDI,
World Health Organization, 1997)); 12-month diagnosis of manic disorder (CIDI-
section F); treatment for mental disorders other than those under study in the past
12  months; use of psychotropic medication; difﬁculty reading Dutch; age under 18
years; positive urine screen for alcohol, amphetamines, benzodiazepines, opioids
or  cocaine; consumption of more than 21 standard units (10 g/unit) of alcohol per
week; history of alcohol or drug abuse; history of or current: treatment by a neurol-
ogist; systemic disease; brain trauma; exposure to neurotoxic factors. Groups were
mutually exclusive with regard to the psychiatric disorder under study. For instance,
PRG and healthy controls had never smoked on a regular basis (with the exception
of one problem gambler who  smoked less than ﬁve cigarettes a day). Additional
exclusion criteria for healthy controls and HSM, but not for PRG (because of high
levels of comorbidity with PG), were: anxiety disorders (CIDI-section D), depres-
sion (CIDI-section E), obsessive compulsive disorder (CIDI-section K), post-traumatic
stress disorder (CIDI-section K) and ADHD. Problematic alcohol use was screened
with the Alcohol Use Disorders Identiﬁcation Test-Consumption (Bush et al.,
1998).
2.2. Paradigm
The stop signal task consisted of four trial types: go trials, stop trials and two
types of control trials to contrast successful and failed stop trials. Go trials required
the subjects to perform a two-choice reaction time task in which subjects had to
react as quickly as possible to an airplane appearing on the screen by a button press
with their right index ﬁnger (airplane ﬂying to the right) or their left index ﬁnger
(airplane ﬂying to the left). In stop trials, a cross appeared on the airplane requir-
ing inhibition of the response. In the control trials for successful stops, the airplane
appeared with the cross already superimposed with no delay, essentially constitut-
ing  a nogo trial (Heslenfeld and Oosterlaan, 2003; Band and van Boxtel, 1999). We
reasoned that by controlling for stimulus complexity and the absence of a motor
response in these successful stop control trials, only neural activation related to
active response inhibition would be isolated. In the control trials for failed stops,
the  cross appeared after the subject had responded (whereas in failed stop signal
trials, the stop signal was presented before the response of the subject), control-
ling  for stimulus complexity and the presence of a motor response. This allowed us
to  isolate brain regions associated with conﬂict and error monitoring (Heslenfeld
and  Oosterlaan, 2003). We used a staircase tracking algorithm that dynamically
adjusted stop signal delay, ensuring successful performance in approximately 50%
of  the stop trials across subjects and groups (Osman et al., 1986). A ﬁxation sign
was  presented for 500 ms  and immediately followed by the go stimulus, which was
presented for 1000 ms.  Stop signal duration depended on its delay and ended at
the  same time as the go signal. This was followed by an intertrial interval vary-
ing between 3 and 8 s (mean 3.5 s). A total of 360 trials were presented, divided
over three blocks of 120 trials, lasting 7 min each. There were 245 go trials, 45 stop
trials, 23 control trials for successful stop trials (in which the stop signal was  pre-
sented 16 ms before go stimulus onset) and 47 control trials for failed stop trials (23
trials with a stop signal delay after the subject’s response that equaled the mean
RT  of subjects for that run and 24 trials with a stop signal appearing directly after
the  subject had responded). The stop signal task was  practiced outside the scan-
ner. SSRT was calculated by subtracting mean stop signal delay from mean RT to go
stimuli.
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Table  1
Demographic and clinical characteristics for problem gamblers, heavy smokers and healthy controls.
Problem gamblers (n = 17) Heavy smokers (n = 18) Healthy controls (n = 17) P value (2-tailed)
Mean age in years (SD) 35.3 (9.4) 33.8 (9.1) 34.7 (9.7) .89
Mean education level (SD) 4.1 (0.9) 4.1 (1.1) 4.3 (1.2) .86
DIS-T, pathological gambling LT Diag, number (%) 14 (82%) 0 0
DIS-T, pathological gambling 12 M Diag, number (%) 11 (65%) 0 0
Fagerström test for nicotine dependence, mean (SD) 2.0a 4.0 (1.5) 0 (0)
CIDI  Anxiety 12 M Diag, number (%) 3 (18%) 0 0
CIDI  Depression 12 M Diag, number (%) 3 (18%) 0 0
Total  comorbidity, number (%) 4 (24%) 0 0
Conners Adult ADHD rating Scale, mean (SD) 52.5 (14.2) 46.1 (11.6) 44.5 (6.1) .099
Beck  Depression Inventory, mean (SD) 11.1 (12.0) 4.4 (4.2) 3.8 (4.4) .013
Alcohol Use Disorders Identiﬁcation Test, C mean (SD) 4.5 (2.7) 4.8 (2.6) 3.4 (2.1) .191
South Oaks Gambling Screen 12 month, mean (SD) 9.6 (2.6) – –
Abbreviations: DIS-T, Diagnostic Interview Schedule Section T; LT Diag, Lifetime Diagnosis; 12 M Diag, 12 Month Diagnosis; CIDI, Composite International Diagnostic Interview;
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aDHD, Attention Deﬁcit Hyperactivity Disorder.
a 1 gambler smoked, less than 5 cigarettes a day.
.3. Imaging acquisition and preprocessing
MR  scans were acquired with a 3.0 Tesla Intera full-body MRI  scanner (Philips
edical Systems, Best, The Netherlands) with a phased array SENSE RF 6-channel
eceiver head coil. Thirty-ﬁve axial slices (voxel size 3 mm ×3 mm ×3 mm,  inter-
lice  gap 0.3 mm,  matrix size 64 × 64, TR/TE = 2.28 s/35 ms, bandwidth 90 kHz) of
2*-weighted echo planar images (EPIs), sensitive to blood oxygenation level-
ependent (BOLD) contrast, were obtained, covering the entire brain except for
he  inferior regions of the cerebellum. Also a structural scan of 170 sagittal T1-
eighed slices of the entire brain was made for anatomical reference (voxel size
 mm × 1 mm × 1 mm).  Imaging preprocessing and analysis was  done using SPM2
Statistical Parametric Mapping; Wellcome Department of Cognitive Neurology,
ondon, UK). Images were slice-timed, reoriented, and realigned to the ﬁrst vol-
me. Next, images were normalized to MNI  space (using 12 linear parameters and a
et of nonlinear cosine basis functions), and spatial smoothing was performed using
n  8 mm FWHM Gaussian kernel.
.4. Statistical analysis
Demographic, clinical, and performance data (accuracy, RT to go stimuli, mean
top signal delay, SSRT) were analyzed using univariate analysis of variance (ANOVA)
n  SPSS 15.0 (SPSS Inc, Chicago, Illinois). Post-hoc pairwise group comparisons
ere performed when a (marginally) signiﬁcant main effect or interaction with
he factor Group was  found (P < 0.1). Functional imaging data were analyzed in the
ontext of the general linear model, using delta functions convolved with a canon-
cal hemodynamic response function to model responses to each type of stimulus.
he following events were modeled with regard to the onset of the go stimu-
us:  (1) Go, (2) Successful stop signal inhibition, (3) Failed stop signal inhibition,
4) Successful stop signal inhibition control, and (5) Failed stop signal inhibition
ontrol. Erroneous responses other than failed stops (i.e., wrong button presses
nd omissions on go trials) were modeled as a regressor of no interest. Two  con-
rasts were computed: (a) Successful stop signal inhibition > successful stop signal
ontrol, and (b) Failed stop signal inhibition > failed stop signal control. Contrast
mages containing parameter estimates were entered into a second-level (random
ffects) analysis. Main task effects across groups for both contrasts were analyzed
ith one-way ANOVA and are reported at P < 0.05 corrected for multiple compar-
sons according to the False Discovery Rate (FDR) method (Genovese et al., 2002)
nd a cluster size restriction of 10 voxels. Group interaction analyses were per-
ormed both with and without BDI and CAARS scores as covariates. To examine
hether gambling and smoking severity were associated with BOLD activation
uring successful and failed inhibition, we performed regression analyses of SOGS
cores for PRG and Fagerström scores for HSM with the two contrasts (successful
top signal inhibition > successful stop signal control and failed stop signal inhi-
ition > failed stop signal control). For whole brain analysis, FDR corrected effects
t  P < 0.05 were considered signiﬁcant. For our a priori regions of interest (ROIs),
mPFC and right inferior frontal gyrus, we applied the following strategy: to restrict
he search for interaction effects to voxels which were identiﬁed in the main effect,
roup by task interaction effects were inspected at a threshold of P < 0.001 and
asked with the orthogonal relevant main effect at P < 0.05, equivalent to Z > 3.89.
o further protect against Type-I error, small volume correction was  applied by
entering a 10 ml  (13.4 mm radius) sphere around the peak voxel. The resulting
olumes of interest had to meet P < 0.05, FDR voxel corrected (PSVC), to be consid-
red signiﬁcant. Conjunction analyses according to the Conjunction Null method
Nichols et al., 2005) were carried out to investigate brain regions that showed
igniﬁcant differences in BOLD activation in both PRG and HSM, compared to
ealthy controls. For small volume correction, a 5 ml  (10.7 mm radius) sphere was
pplied.3. Results
3.1. Demographic and clinical results
Table 1 summarizes demographic and clinical characteristics for
PRG, HSM and healthy controls. The three groups did not differ
signiﬁcantly with regard to age and educational level. Fourteen of
17 (82%) PRG were diagnosed with lifetime PG. Eleven of them
(65%) also met  criteria for this disorder in the past 12 months.
SOGS scores ranged from 4 to 14 (mean 9.6, one subject scoring
below 5) with scores of 5 or higher indicating probable patholog-
ical gambling. Fagerström scores ranged from 1 to 6 (mean 4.0)
indicating low to high (on average moderate) nicotine dependence
for the HSM, and low nicotine dependence for the only problem
gambler who smoked. It should be noted that all HSM smoked
more than 15 cigarettes per day, whereas the smoking problem
gambler smoked less than ﬁve cigarettes per day. One  PRG met
criteria for co-morbid anxiety, one PRG for co-morbid depression,
and two PRG for co-morbid anxiety and depression in the past 12
months. Post hoc least Signiﬁcant Difference tests showed that PRG
scored signiﬁcantly higher on the BDI and the CAARS, compared to
healthy controls as well as compared to HSM (all P’s < 0.05). HSM
and healthy controls did not differ signiﬁcantly on the BDI and
the CAARS (P’s > 0.6). AUDIT-C scores did not differ signiﬁcantly
between groups.
3.2. Stop signal task performance
Accuracy of the groups on stop trials approached 50% with
no signiﬁcant differences between groups (PRG: 48.6 ± 2.8%;
HSM: 49.7 ± 3.4%; healthy controls: 49.4 ± 2.3%; F < 1), demon-
strating the efﬁcacy of the tracking algorithm. No signiﬁcant
difference was  found between the groups on RT to go
trials (PRG: 426 ± 48 ms;  HSM: 449 ± 111 ms;  healthy con-
trols: 420 ± 51 ms.  No signiﬁcant difference was found for
average stop signal delay either (PRG: 156 ± 66 ms;  HSM:
178 ± 137 ms;  healthy controls: 151 ± 55 ms). Consequently, SSRTs
were almost identical for the three groups (PRG: 270 ± 36 ms;
HSM: 271 ± 48 ms;  healthy controls: 270 ± 45 ms;  all Fs < 1,
NS).
3.3. BOLD activation: across-group contrastsAcross-group analysis showed that the successful stop > control
contrast was associated with activation in right dorsal ACC
(BA24), right pre-SMA, bilateral inferior frontal gyrus/insula area,
bilateral premotor cortex, left temporal cortex, bilateral parietal
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Table  2
BOLD Activations for stop signal task. Main task effects across groups for (a) Successful inhibition > control and (b) Failed inhibition > control contrast.
(a) Successful inhibition > control BA Main task effect
L/R x y z Z-value
dmPFC: pre-SMA/dACC 24 R 9 12 51 4.45
dmPFC: dACC 24/32 R 6 21 36 3.96
Inf  front g/Insula 47 L −30 21 3 4.17
47 R 45 15 −12 3.42a
Premotor cortex 6 L −36 −24 63 4.47
6  R 21 −15 60 3.76
Temporal cortex 37 L −48 −72 3 4.81
Parietal operculum 43 L 54 −36 21 4.8
43  R −54 −24 15 3.67
Medial occipital cortex/FFG 18 L −15 −69 −15 4.54
18 R 21 −72 −3 4.59
Precuneus 7 R 3 −57 63 4.59
Striatum L −3 0 0 4.85
R  9 6 0 3.95
(b)  Failed inhibition > control Main task effect
L/R x y z Z-value
dmPFC: dACC 24 R 6 27 27 4.88
Pre-SMA 6 R 6 12 66 3.77
Inf  front g/Insula 47 R 39 12 −9 5.04
Dorsol prefrontal cortex 46 R 21 54 24 3.75
Posterior parietal cortex 40 L −57 −45 36 3.84
40  R 60 −39 30 4.25
Precuneus 7 L −9 −84 45 3.70
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cbbreviations: BA, Brodmann area; L, left; R, right; x y z, MNI coordinates; Z, stati
ACC, dorsal anterior cingulate cortex; Inf front g, Inferior frontal gyrus; FFG, fusifo
a Less than 10 signiﬁcant voxels.
perculum, bilateral medial occipital cortex extending into
usiform gyrus, and right precuneus. In addition, subcortical acti-
ations in bilateral striatum and thalamus were found. The Failed
top > control contrast was associated with activation in dorsal ACC
BA24) and pre-SMA (BA6). Also, right inferior frontal gyrus/insula
egion and right dorsolateral prefrontal cortex were activated. In
ddition, we found activation of bilateral posterior parietal cortex
nd left precuneus (Table 2, also for Brodmann areas)..4. BOLD activation: group interactions and regression analyses
For the Successful inhibition > control contrast, ROI analysis
evealed signiﬁcantly lower activation in both PRG and HSM
ig. 1. BOLD activations (main effects per group) for (a) Successful inhibition > Successful 
ontrol  contrast (lower panel). Activations are shown at P < 0.001 with an extent thresholZ value; dmPFC, dorsomedial prefrontal cortex; SMA, supplementary motor area;
rus; dorsol, dorsolateral. Effects are reported at P < 0.05, FDR corrected.
compared to healthy controls in a region of dmPFC bordering on
BA8 and dorsal ACC (BA32) (Table 3a; Figs. 1a, 2a and 3a). For the
Failed inhibition > control contrast, ROI analysis showed that, rela-
tive to healthy controls, both PRG and HSM showed hypoactivation
in dorsal ACC (BA32). For HSM, we found additional hyperactivity in
frontopolar cortex compared to healthy controls. Including BDI and
CAARS scores only had a marginal effect on the results. (Table 3b;
Figs. 1b, 2b and 3b).
For the Successful inhibition > control contrast, we found a sig-
niﬁcant negative correlation of SOGS scores and BOLD activation
in the right dmPFC (anterior cingulate, BA32) in PRG (MNI coor-
dinates [15,39,40], Z score = 4.17, P < 0.001, PSVC < 0.01, r = 0.85). No
other signiﬁcant correlations were found.
inhibition control contrast (upper panel) and (b) Failed inhibition > Failed inhibition
d of 10 voxels.
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Table  3
BOLD Activations for stop signal task. Group interactions for (a) Successful inhibition > control and (b) Failed inhibition > control contrast.
BA L/R PRG < HC HSM < HC (PRG + HSM) < HC  (conjunction)
x y z Z Zcov x y z Z Zcov x y z Z Zcov
(a) Successful inhibition > control
dmPFC: dACC 8/32 R 6 39 42 3.43 3.56 3 36 42 3.47 3.55 6 39 42 3.23 3.35
(b)  Failed inhibition > control
dmPFC: dACC 32 R 9 30 45 3.34 3.31 9 27 36 3.60 3.41 9 30 39 2.97a 2.93b
HSM > HC
dmPFC: frontopolar 9/10 R 12 54 30 3.34 3.74
Abbreviations: PRG, problem gamblers; HC, healthy controls; HSM, heavy smokers; L, left; R, right; x y z, MNI  coordinates; Z, statistical Z value; Zcov, statistical Z value with
d  BA, B
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cepression and ADHD scores as covariates; dmPFC, dorsomedial prefrontal cortex;
rthogonal task effect and signiﬁcant at P < 0.001 and PSVC < 0.05.
a P = 0.0015 and PSVC < 0.05.
b P = 0.0016 and PSVC < 0.05. See text for details.
Conjunction analyses were carried out to formally assess
he brain regions that showed conjoint hypoactivations for
RG and HSM compared to healthy controls. For the Successful
nhibition > control contrast, we found hypoactivation in dmPFC
Table 3a). For the Failed inhibition > control contrast, we found dor-
al ACC (BA32). The latter effect was only found when lowering
ur threshold for inspection (uncorrected signiﬁcance: P = 0.0016,
able 3b). Whole-brain group analyses showed no signiﬁcant
ffects.
ig. 2. BOLD activations (group interactions) for (a) Successful inhibition > Successful in
ontrol  contrast (lower panel). Activations are shown at P < 0.01 with an extent thresholdrodmann area; dACC, dorsal anterior cingulate cortex. Effects are masked with the
4.  Discussion
The present study aimed to investigate the neural circuitry
associated with inhibitory control in PRG and HSM. We  there-
fore focused on both successful and failed response inhibition
in a stop signal task, using a paradigm which included control
conditions tailored to speciﬁcally isolate neural correlates of
response inhibition and conﬂict/error monitoring. The ﬁrst hypoth-
esis was  not conﬁrmed: PRG and HSM showed similar accuracy and
hibition control contrast (upper panel) and (b) Failed Inhibition > Failed inhibition
 of 10 voxels.
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Fig. 3. Contrast estimates with 90% conﬁdence interval for the conjunction analysis
showing signiﬁcant differences in BOLD activation in both problem gamblers and
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nhibition control contrast (MNI coordinates [6,39,42]; (b) Failed Inhibition > Failed
nhibition control contrast (MNI coordinates [9,30,39]).
imilar SSRT compared to non-smoking and non-gambling healthy
ontrols. However, the second hypothesis was conﬁrmed: both PRG
nd HSM showed hypoactivation of dmPFC during inhibitory con-
rol when compared to non-smoking and non-gambling healthy
ontrols. These effects were observed during successful as well as
ailed response inhibition and were localized in very similar regions
or PRG and HSM, suggesting a common deﬁcient neural circuitry
nvolved in response inhibition and error/conﬂict monitoring in
hemical as well as behavioral addictions.
Across-group analysis showed that during successful inhibition,
 cortical network was activated that included bilateral inferior
rontal gyrus/insula region and dmPFC (pre-SMA and Brodmann
rea 24/32 in dorsal ACC). In line with these observations, recent
onceptualizations acknowledge that both inferior frontal gyrus
nd dmPFC, in particular pre-SMA, are critical nodes in a response
nhibition network (Aron et al., 2007). During failed response inhi-
ition, a cortical network was activated that included right inferior
rontal gyrus/insula, dorsal ACC (Brodmann area 24) and pre-
MA, The latter two regions were both located in dmPFC. Findings
n dmPFC are in agreement with previously reported activations
fter commission errors in the stop signal paradigm, and with an
bundant literature on error and conﬂict processing in general
Ridderinkhof et al., 2004). Like many other studies, our data thus
uggest that similar, albeit not identical brain regions are involved
n successful as well as failed response inhibition (see also Nachev
t al., 2008; Pliszkam et al., 2006; Verbruggen and Logan, 2008, but
ee also Boecker et al., 2011).
For the Successful inhibition > control contrast, we found a signif-
cant negative correlation of SOGS scores and BOLD activation in
he right dmPFC (anterior cingulate, BA32) in PRG. Together with
ur between-group analyses, these results suggest that not only is
mPFC hyporesponsive during response inhibition in PRG, but also
hat the extent of hyporesponsiveness is associated with gambling
everity.
Conjunction analysis revealed an area in dmPFC, bordering on
rodmann area 8 and 32, that was hyporesponsive in both PRG Dependence 121 (2012) 81– 89
and HSM compared to healthy controls during successful inhibition.
This ﬁnding generalizes the ﬁndings of hypoactivation in dmPFC in
substance use disorders (Fu et al., 2008; Hester and Garavan, 2004;
Kaufman et al., 2003; Li et al., 2008) to problem gambling and heavy
smoking populations. Moreover, both a lesion and a transcranial
magnetic stimulation study have shown impairments in inhibitory
control as measured by stop signal paradigms related to this area
(Floden and Stuss, 2006; Chen et al., 2009). Together, these results
thus conﬁrm the role of dmPFC in successful response inhibition
and point to a shared area in dmPFC that is hypoactive in both PRG
and HSM. Interestingly, a very recent study by Galván et al. (2011)
failed to ﬁnd performance and fMRI differences between adolescent
smokers and non-smokers during a stop-signal task. Smokers in
this study only smoked less than 7 cigarettes a day, whereas in
HSM in the current study smoked at least 15 cigarettes a day by
inclusion. This might explain the discrepancy in imaging results
between the studies. The authors did ﬁnd a negative correlation
between smoking behavior and dmPFC activation during inhibition,
which corroborates our ﬁndings.
Conjunction analysis demonstrated that both PRG and HSM
showed hypoactivation of dorsal ACC (Brodmann area 32) during
failed inhibition.  This ﬁnding is in accordance with studies reporting
hypoactivation in dorsal ACC during failed inhibition in cocaine and
opiate addiction (Forman et al., 2004; Kaufman et al., 2003). More-
over, in other task paradigms, similar ﬁndings have been reported.
In two positron emission tomography studies, reduced activation
in dorsal ACC during performance of a Stroop task was found in
cocaine and marijuana abusers, relative to healthy controls (Bolla
et al., 2004; Eldreth et al., 2004). This indicates that not only dur-
ing error commission, but also during high-conﬂict trials dorsal
ACC is hyporeponsive in substance-abusing populations, support-
ing the hypothesis that dorsal ACC has a general role in conﬂict
monitoring, not only in error detection. Measuring event-related
potentials, Franken et al. (2007), who  used an Eriksen ﬂanker task,
found that the error-related negativity that originates from dmPFC
was smaller for cocaine dependent subjects than healthy controls.
The present study, therefore, extends the ﬁndings of hyporespon-
siveness of dorsal ACC during error monitoring in substance abusers
to PRG and HSM.
We failed to demonstrate performance differences between the
groups: SSRTs did not differ between PRG, HSM and healthy con-
trols. Several explanations may  be put forward for this negative
ﬁnding. Firstly, impairments in response inhibition reported in
other studies in patients with substance dependence might have
been largely due to neurotoxicity of the involved substance. This is
probably less of an issue in the present study. In the case of HSM,
evidence is mixed, with one study reporting impaired response
inhibition in HSM (Spinella, 2002) whereas other studies did not
ﬁnd such impairment (Dinn et al., 2004; Reynolds et al., 2007;
Monterosso et al., 2005). This discrepancy is likely to be due to
differences in task paradigm and study population.
In the case of PG, Goudriaan et al. (2006) did report increases
in SSRT in pathological gamblers compared to healthy controls.
SSRTs were overall much shorter in their study than in the present
study (for healthy controls: 114 ms  vs. 270 ms  in the present study),
which raises the possibility that differences in task design, like the
auditory stop signal in the study by Goudriaan and coworkers, vs.
our visual stop signal, may  have inﬂuenced results. Auditory stop
signals render shorter SSRTs due to faster sensory processing of
auditory cues compared to visual cues. Thus, our lack of behavioral
differences between groups may  be due to slower processing of the
visual stop cues in our fMRI stop task, which could have limited sen-
sitivity to detect group differences on a behavioral level. However,
our combined ﬁndings on performance and BOLD activation could
also be interpreted completely differently. Assuming that the stop-
signal task was  sensitive enough to detect differences between the
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roups, hypoactivation of dmPFC in the absence of performance
ifferences could also indicate that PRG and HSM actually recruit
ortical areas more efﬁciently to obtain similar task performance.
n view of the other neurocognitive studies mentioned before, we
nd this explanation less likely.
PRG experienced signiﬁcantly higher levels of depression and
DHD symptoms, as indicated by BDI and CAARS scores. These
ndings are not surprising, as depression and ADHD frequently
o-occur with PG (e.g., Ibanez et al., 2001; Specker et al., 1995;
unningham-Williams et al., 1998). Therefore, it was important to
djust group differences in brain activation for group differences
n BDI and CAARS scores. However, the cerebral hyporesponsive-
ess found for problem gamblers and heavy smokers could not be
xplained by depression or ADHD rates.
Our study is the ﬁrst to demonstrate hyporesponsiveness of
mPFC during successful as well as failed response inhibition in
oth PRG and HSM, thus pointing to a demand-speciﬁc failure of
his circuitry in both behavioral addictions as in substance depen-
ence. In a previous study from our group examining the same
ubjects, we found hyporesponsiveness of ventrolateral prefrontal
ortex to monetary loss in PRG and HSM (de Ruiter et al., 2009),
lose to the right and left inferior frontal gyrus regions observed in
he present study. The joint results of these studies might indicate
hat inferior frontal gyrus/ventrolateral prefrontal cortex activation
ound during response inhibition tasks is associated to affective
rocesses rather than response inhibition per se (for a similar sug-
estion, see Li et al., 2006). Alternatively, inferior frontal gyrus
ay  be involved in more general attentional processes like salience
etection (e.g., Boehler et al., 2010; Duann et al., 2009).
Taken together, these ﬁndings suggest that both problem
ambling and heavy smoking are characterized by functional
natomical indices of reduced response inhibition, reduced
esponse monitoring and reduced responsiveness to negative
eedback of a neural circuit including dmPFC and ventrolateral pre-
rontal cortex.
Some limitations of the study should be noted. First, different
trategies were used to recruit PRG and HSM: at the time of exam-
nation, PRG were being treated in outpatient treatment centers,
hereas HSM were recruited via advertisements in newspapers.
reatment for gambling problems may  have resulted in improved
nhibitory skills. On the other hand, treatment seeking for PRG may
ndicate the presence of a more severe type of ‘addiction,’ which
ould be associated with more severely impaired inhibitory skills.
uture studies should recruit smokers and gamblers with a similar
reatment status. Another limitation is that we did not record smok-
ng history of the HSM. Therefore, we cannot rule out that some of
he HSM only became HSM recently. This may  have contributed to
he absence of performance impairments in the HSM.
A strength of our study is the relative absence of confound-
ng inﬂuences of neurotoxicity with regard to our ﬁndings of
yporesponsiveness of dmPFC and other brain areas. Therefore, it
s tempting to conclude that impairments of cognitive functions
ubserved by these areas may  precede addictions and that these
unctions may  further deteriorate as a result of excessive alcohol
nd/or drug use during the addictive process. However, the tran-
ition from recreational gambling to problem gambling may  also
hape the brain. Deﬁnitive answers on the causality of dmPFC dys-
unction and the development of addictive behaviors can only be
rovided by prospective study designs.
The ﬁnding of hypoactivation of dmPFC in PRG and HSM may
id in developing neuromodulatory interventions: dmPFC might
ignify a target region for neuromodulation techniques like fMRI
eurofeedback and deep brain stimulation. Also, the effect of psy-
hopharmacological interventions on dmPFC function could be
xamined. Several studies have indicated that such interventions
an improve cognitive tasks performance and change associ- Dependence 121 (2012) 81– 89 87
ated regional brain activation patterns. A review concluded that
SSRT in ADHD patients signiﬁcantly decreased after administra-
tion of methylphenidate, modaﬁnil and atomoxetine (Chamberlain
et al., 2011). Moreover, a study by Zack and Poulos indicated
that psychopharmacological interventions can reduce impulsivity
and gambling behavior in pathological gamblers who are highly
impulsive (Zack and Poulos, 2009). Finally, experiments in healthy
volunteers have shown that atomoxetine improves inhibitory con-
trol and increases activation in the right inferior frontal gyrus
(Chamberlain et al., 2009).
As a ﬁnal remark, we  would like to mention that neuroimaging
studies directly comparing behavioral addictions with substance
use disorders are still scarce (but see: Tanabe et al., 2007) and
that these studies are essential in the proposed move of PG from
the impulse control disorders group in DSM-IV to a new group of
disorders including both substance use disorders and behavioral
addictions in DSM5 (see also van Holst et al., 2010a,b).
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